The development of pre-erythrocytic Plasmodium vivax vaccines is hindered by the lack of in vitro culture systems or experimental rodent models. To help bypass these roadblocks, we exploited the fact that naturally exposed Fy− individuals who lack the Duffy blood antigen (Fy) receptor are less likely to develop blood-stage infections; therefore, they preferentially develop immune responses to pre-erythrocytic-stage parasites, whereas Fy+ individuals experience both liver-and blood-stage infections and develop immune responses to both pre-erythrocytic and erythrocytic parasites. We screened 60 endemic sera from P. vivax-exposed Fy+ or Fy− donors against a protein microarray containing 91 P. vivax proteins with P. falciparum orthologs that were up-regulated in sporozoites. Antibodies against 10 P. vivax antigens were identified in sera from P. vivax-exposed individuals but not unexposed controls. This technology has promising implications in the discovery of potential vaccine candidates against P. vivax malaria.
INTRODUCTION
Plasmodium vivax is the second most common human malaria parasite, with an estimated 2.85 billion people at risk of infection. 1 Unlike its more deadly counterpart P. falciparum, P. vivax malaria can relapse months to years after the initial blood-stage infection has cleared, and increasing numbers of P. vivax cases involving severe complications or chloroquine resistance are being reported. 2 Furthermore, the prevalence of P. falciparum malaria is falling at a faster rate than the prevalence of P. vivax malaria in many endemic areas, potentially because of the targeted efforts at reducing P. falciparum mortality. Currently, 25 of 32 malaria-eliminating countries are fighting solely or mainly against P. vivax. 3 Thus, an efficient P. vivax vaccine that acts against the pre-erythrocytic stages of the parasite and prevents infection as well as disease and transmission may be useful to enable the reduction and eventually, the elimination of P. vivax malaria.
The near total absence of P. vivax infection in West Africa led to the discovery that P. vivax uses the Duffy antigen/ receptor for chemokines (DARC) expressed on the surface of red blood cells to invade. [4] [5] [6] [7] [8] [9] Over 95% of Africans in malaria-endemic areas and approximately 70% of African-Americans do not express DARC. 1, 6 These individuals, referred to as Fy−, have been thought to be completely refractory to blood-stage infection with P. vivax, even when challenged with massive inocula of blood-stage parasites, 10 though they are susceptible to infection with P. falciparum. 4, 8 Recent data suggest that Fy− individuals can, in fact, be infected with blood-stage parasites, [11] [12] [13] indicating that P. vivax parasites may be able to use receptors other than DARC to invade erythrocytes. Previously, we showed that Fy− individuals exposed to P. vivax in Colombia responded predominantly to pre-erythrocytic antigens rather than erythrocytic antigens. 14 The lack of DARC on Fy− erythrocytes and the resulting prevention or reduction of blood-stage parasitemia may conse-quently reduce the frequency of exposure to erythrocytic parasites in the Fy− population compared with the Fy+ population. [14] [15] [16] Furthermore, it has been shown that, in both murine (P. yoelii) and human (P. falciparum) malaria, bloodstage infections suppress T-cell responses against liver-stage antigens. [17] [18] [19] Immune responses to P. vivax pre-erythrocyticstage antigens may, therefore, be stronger in Fy− than Fy+ individuals, because exposure of Fy− individuals to erythrocytic parasites in the bloodstream would be limited. Altogether, Fy− individuals mount immune responses presumably focusing on pre-erythrocytic antigens. Immune sera or cells from Fy− donors may, thus, be useful for identifying vaccine candidate antigens expressed during the sporozoite invasion and liver parasite development.
The availability of the genome sequence 20 and the transcriptome 21 of the P. vivax Sal 1 strain provides the means to analyze antigen-specific immune responses in different endemic populations to select optimal P. vivax antigens for vaccine development. Of the~5,500 genes encoded by the P. vivax genome, 20 few have been studied as potential vaccine candidate antigens, and none of these genes are liver stagespecific genes. [22] [23] [24] [25] [26] [27] [28] [29] [30] Nevertheless, studies in P. falciparum suggest that the breadth and magnitude of the antibody responses to parasite antigens determine the level of protection, 31, 32 highlighting the need to fully characterize the natural antibody response after P. vivax exposure to develop an effective anti-infection and anti-disease vaccine. Therefore, in this study, we used an advanced high-throughput screening technology [33] [34] [35] [36] [37] to identify novel P. vivax pre-erythrocyticstage antigens in populations living in malaria-endemic areas of Colombia.
MATERIALS AND METHODS
Recruitment of P. vivax-exposed and -naïve donors. Donors were enrolled from the malaria-endemic areas of La Delfina (N = 47) and Quibdó (Chocó State; N = 13), two cities on the Pacific coast of Colombia. The sociodemographic characteristics, genotype characteristics, and malaria incidence of the population were described previously. 15 All donors were P. falciparum negative as determined by blood smear at the time of donation. Seven donors were recruited from Cali, where there is no malaria transmission, as malarianaïve controls. All donors were over 18 years of age and gave informed consent using protocols approved by the Institutional Review Board of the Universidad del Valle. 15 As previously described, a 5-mL blood sample was collected from each donor, plasma was isolated, and samples were stored at −70 C until use. 15 Screening of sera by enzyme-linked immunosorbent assay and immunofluorescent assays to assess reactivity to pre-erythrocytic and erythrocytic antigens. Sera from all donors were tested for reactivity against both pre-erythrocytic and blood stages by enzyme-linked immunosorbent assay (ELISA) against known antigens or immunofluorescent assay (IFA) against air-dried P. vivax sporozoites and fixed P. vivax blood-stage schizonts as described previously. 15 Briefly, recombinant proteins containing region II of the Pv Duffy binding protein (DBP; rPvRII) and a fragment of the amino terminal region of the Pv merozoite surface protein 1 (MSP-1; 200-L fragment), both expressed in P. vivax asexual blood stages, were used to assess antibody responses to the erythrocytic phase. Two long synthetic peptides derived from Pv circumsporozoite protein (CSP) were used to assess the responses to the pre-erythrocytic stages. 15 Peptide N includes the nonrepeat region of PvCSP (amino acids , and the peptide P11 is composed of tandem repeats of a 48-mer peptide (amino acids 96-104). A pool of control sera from healthy volunteers without a history of malaria exposure was used as the negative control. ELISA absorbance 1:100 and IFA absorbance 1:80 were detected in control sera and therefore, were considered negative. Antibody absorbance from exposed donors was considered positive when antibody absorbance from the test sera was at least 3 SDs greater than the mean of the antibody absorbance from the average of the control sera.
P. vivax pre-erythrocytic-stage proteins. The P. vivax genome was explored for genes orthologous (blastp E value 1 + 10 −40 ) to those genes expressed in the P. falciparum sporozoite transcriptome. 38 From this set of likely P. vivax preerythrocytic-stage genes, 109 genes were selected based on the following characteristics: (1) gene length 5 kb, (2) encoded by a single exon, (3) contained a predicted signal peptide or signal anchor or one or more transmembrane domains, and (4) orthologs in the published proteomes of other Plasmodium species 39, 40 (Supplemental Table 1 ). Two P. vivax genes encoding CSP and DBP were used as controls for the preerythrocytic-and erythrocytic-stage antigens, respectively. P. vivax protein array fabrication. We cloned the selected P. vivax genes into the Escherichia coli expression vector pXT7. 33 Custom polymerase chain reaction (PCR) primers comprising 20-bp gene-specific sequences with 33-bp adapter sequences were used to amplify target amplicons from P. vivax genomic DNA (P. vivax Sal I strain [MRA-552 and MR4]). The adapter sequences, which flank the target amplicons, are homologous to the adapter sequences at the ends of the linearized T7 expression vector pXT7 33 into which they were cloned. The homology allows the amplified PCR products to be cloned into the expression vector by in vivo homologous recombination in competent DH5α cells. 33, 41 The resulting clone mixtures were then verified by PCR using sequencespecific primers and subsequently sequenced. To fabricate the antigen arrays chips, we expressed P. vivax proteins using the E. coli-based cell-free in vitro transcription and translation (IVTT) system (Rapid Translation System 100 High Yield [RTS 100 HY] kits from 5 PRIME, Gaithersburg, MD) according to the manufacturer's instructions. P. vivax protein arrays were printed onto nitrocellulose-coated glass FAST slides (Whatman, Piscataway, NJ) using an OmniGrid Accent microarray printer (DigiLab, Piscataway, NJ); each expressed protein was spotted in triplicate. After being printed, protein expression was verified using monoclonal anti-polyhistidine (clone His-1; Sigma-Aldrich, St. Louis, MO) and anti-hemagglutinin (clone 3F10; Roche, Indianapolis, IN) antibodies. The arrays were rehydrated in 1 + Blocking Buffer (Whatman, Piscataway, NJ) for 30 minutes and probed with the monoclonals diluted at 1:1,000 in blocking buffer overnight at 4 C with constant agitation. The next day, slides were washed three times in 1 + hydroxymethyl-aminomethane (Tris pH 7.25-7.55) buffer containing 0.05% (vol/vol) Tween 20 (TTBS), and bound antibodies were detected by incubating with Cy3-conjugated goat anti-mouse immunoglobulin G (anti-IgG; Jackson Immuno Research, West Grove, PA) or Cy3-conjugated goat anti-rat IgG (Jackson Immuno Research, West Grove, PA) diluted 1:400 in blocking buffer. After washing the slides three times in TTBS followed by three additional washes in 1 + Tris buffer (TBS) and a final rinse in ultrapure water, the slides were briefly centrifuged and air dried. The intensity of the fluorophore was detected and analyzed using the Perkin Elmer, Waltham, MA ScanArray Express HT microarray scanner. All signal intensities were corrected for spot-specific background (the signal from the substrate surrounding the spots). Successful expression of the proteins was determined based on a cutoff of the mean signal of the no DNA control spots plus 1 SD.
Serum screening using P. vivax protein arrays. Sera were diluted to 1:100 in 1 + Blocking Buffer containing 1 mg/mL E. coli lysate, and they were incubated at room temperature for 30 minutes with constant mixing. The arrays were rehydrated in 1 + Blocking Buffer for 30 minutes and probed with the pre-treated sera in triplicates overnight at 4 C with constant agitation. The slides were then washed three times in TTBS and incubated in Cy3-labeled goat anti-human Ig (H + L; Jackson Immuno Research, West Grove, PA) diluted 1:400 in 1 + Blocking Buffer. The slides were then washed three times in TTBS and three times in TBS, followed by an ultrapure water wash. The slides were then air dried after brief centrifugation and analyzed using a Perkin Elmer ScanArray Express HT microarray scanner (Perkin Elmer, Waltham, MA). Intensities were quantified using QuantArray software.
Protein array data analysis. Triplicate data points were averaged before normalizing the data. The statistical analysis was performed as described previously. 42 Briefly, the data were calibrated and transformed using the variance stabilizing normalization (vsn) package 43 in the R statistical environment (www.r-project.org). Differential reactivity analysis was then performed using a one-way regularized analysis of variance (ANOVA). 44 All reported P values are not corrected unless otherwise noted. Finally, the data were retransformed into an approximate raw scale for bar plot visualizations prepared in GraphPad Prism.
Bioinformatic analyses of novel P. vivax antigens. To infer the stage specificity of the novel P. vivax antigens identified in this study, we used datasets including the P. vivax sporozoite 21 and blood-stage transcriptomes, 45 the P. falciparum sporozoite proteome, 40 and the P. yoelii liver-stage transcriptome and proteome, 38 The percentiled expression levels for each gene displayed in PlasmoDB (v7.1; www.plasmodb.org) were converted to quintiles. Statistics were performed using GraphPad Prism. Significance was considered at P 0.05.
RESULTS
Novel P. vivax antigens were identified by antibody profiling with sera from P. vivax-exposed individuals. Before using the arrays to screen the sera from P. vivax-exposed donors, we first probed the arrays with antibodies to the N-and C-terminal tags to show that the Plasmodium antigens expressed contained both the N and C termini. As described previously, 33 the arrays were probed with either anti-His or anti-hemagglutinin (HA) monoclonal antibodies and developed with appropriate secondary antibodies conjugated to Cy3 (data not shown). The arrays were scanned and quantified, and the triplicate spots were averaged. Proteins with signal intensities that were 1 SD above the mean of the no DNA control spots were designated positive for the detection of the tag. Of the 109 P. vivax proteins expressed on the array, 91 (83.5%) proteins were detected by anti-HA or anti-His antibodies, confirming that the majority of the malarial proteins were synthesized (Supplemental Table 1 ).
Fy− and Fy+ populations are both susceptible to preerythrocytic-stage infections, whereas Fy− individuals are less likely to develop blood-stage infection, because they lack the DARC receptor on their erythrocytes. 5, 8 These donors have been shown to develop significantly fewer antibodies to blood-stages antigens compared with Fy+ donors. 46, 47 To investigate the antibody responses induced by natural exposure to P. vivax infection, the protein arrays containing 91 P. vivax proteins were interrogated with 60 sera from P. vivax-exposed individuals and 7 control sera from unexposed individuals (Figure 1 ). The exposed donors were further subdivided into two groups according to their Fy genotype (Fy+ or Fy−). In this study, both Fy− (N = 28) and Fy+ (N = 32) populations were of similar age (41.8 ± 19.2 and 36.5 ± 14.5, respectively; Mann-Whitney P = 0.69) and were recruited from the same endemic area, and as such, they would be expected to have similar exposures to P. vivax. 15 In accordance with this information, Fy− and Fy+ donors in this study exhibited similar antibody responses to both whole sporozoites and two CSP peptides as detected by IFA and ELISA, respectively (Table 1) . Fy+ donors had stronger responses to blood-stage parasites and DBP (Table 1) .
We first compared the magnitude and frequency of the serological reactivity between Fy− and unexposed donors (Figure 2A and B) . As a positive control, the known P. vivax blood-stage antigen DBP was among the 91 vivax proteins on the array. As expected, there were no differences between the magnitudes of the responses to DBP in the unexposed group and the Fy− group (Figure 2A ). However, the magnitude of the response to six P. vivax proteins (PVA152, PVA111, PVA081, PVA049, PVA256, and PVA153) was significantly increased in the Fy−-exposed group compared with the control group (Figure 2A and Table 2 ). The magnitude of the response in the unexposed donors was below background in all cases but one (PVA152), where reactivity was detected in the unexposed donors ( Figure 2A ). However, it was at a fivefold lower magnitude than the magnitude seen in the Fy−-exposed group. The frequency of the response mirrored the magnitude of the response ( Figure 2B ). Responses to these six proteins were detected in very few unexposed donors; PVA081, PVA256, and PVA153 were not recognized by any unexposed donors, and PVA152, PVA111, and PVA049 were recognized by just 1 of 7 unexposed donors compared with 22, 15, and 9 of 28 Fy− donors, respectively ( Figure 2B and Table 2 ). Although the frequency of response was higher in the Fy− group in all cases, this difference was only significant for PVA152 and PVA256 (Fisher exact test P = 0.003 and P = 0.0125, respectively) ( Table 2) .
We then compared the magnitude and frequency of the responses between the Fy+-exposed and unexposed groups. The magnitude of the response to the DBP, despite a nearly sixfold increase in mean signal intensity, was not significantly higher in the exposed Fy+ donors compared with the control donors ( Figure 2C and Table 2 ). However, the magnitude of the responses to eight proteins (PVA205, PVA152, PVA304, PVA081, PVA189, PVA153, PVA256, and PVA026) was significantly higher in Fy+-exposed donors than unexposed donors ( Figure 2C and Table 2 ). Although detectable responses were observed in the unexposed donors for PVA205, PVA152, and PVA189, the magnitudes of responses to these proteins in the Fy+ group were 1.9-to 5.9-fold higher than the magnitudes of the unexposed group. Again, the frequency of the response mirrored the magnitude of the response. Six of eight vivax antigens (PVA304, PVA081, PVA189, PVA153, PVA256, and PVA026) were recognized by Fy+-exposed donors but not unexposed donors. The frequency of the responses ranged from 17.9% to 78.6% in the Fy+-exposed donors. Two proteins (PVA205 and PVA152) were recognized by 3 and 1 unexposed donors, respectively, but by 26 and 28 of 32 Fy+-exposed donors, respectively. The frequencies of responses to PVA152, PVA304, and PVA081 were significantly higher in the Fy+ group (Fisher exact test P = 0.0004, P = 0.0004, and P = 0.0124, respectively).
Differential recognition of P. vivax antigens by Fy− and Fy+ individuals. We exploited the DARC phenotypes of the volunteers in an attempt to divide P. vivax antigens into possible stage-specific groups based on their reactivity to sera from the two different populations. We expected that P. vivax pre-erythrocytic proteins would be recognized similarly by sera from both Fy− and Fy+ individuals in terms of frequency and magnitude of responses. However, if the responses to a novel vivax protein were significantly stronger in Fy+ than Fy− populations, this finding would indicate that the antigen was more likely to be expressed by P. vivax erythrocytic-stage parasites. 14, 16 Pre-erythrocytic and multistage proteins. Reactivity to proteins on the array was compared using sera from 28 Fy− and 32 Fy+ individuals (Figure 3 ). Four proteins (PVA152, PVA081, PVA153, and PVA256) were recognized by sera from both Fy+ and Fy− individuals and in both groups at significantly higher magnitudes than in the unexposed group. These four proteins were recognized at a similar magnitude and frequency in the Fy− and Fy+ groups. Two proteins (PVA049 and PVA111) were recognized by the Fy− at significantly higher magnitudes than the unexposed group but not by the Fy+ donors. Interestingly, PVA111 showed significantly higher magnitudes of responses in the Fy− group than the Fy+ group, with over 2.7-fold higher signal intensities in the Fy− group (P = 0.022) ( Figure 3A and Table 2 ). Although the frequency of the responses to PVA111 was higher in sera from the Fy− group than the Fy+ group (53.6% and 31.1%, respectively), it did not reach statistical significance (Fisher exact test P = 0.11) ( Figure 3C and Table 2 ).
Overall, a total of six proteins was either recognized by sera from exposed Fy+ and Fy− donors or recognized better in Fy− donors (PVA111) compared with Fy+ donor (Figure 3A and C). We predict that these six proteins are most likely to be expressed by pre-erythrocytic and/or both pre-erythrocytic and erythrocytic parasites.
Erythrocytic-stage proteins. Five P. vivax proteins, including two known blood-stage antigens DBP and PVA205 (putative Examples of arrays probed with sera from a control donor (A) and an exposed donor (B). (C) Heat map showing the magnitude of responses to 91 genes in unexposed donors, Fy-and Fy+-exposed donors. (D) Mean signal intensity to 91 genes in unexposed (green), Fy−-exposed (red), and Fy+-exposed (blue) donors. Error bars represent the standard error. Values are corrected for the array background by subtracting the mean of the no-DNA control spots. 48 and newly identified PVA189, PVA304, and PVA026, were recognized by the Fy+ donors at significantly higher magnitudes than the unexposed group but not the Fy− donors ( Figure 3B ). Responses to DBP were fourfold higher in Fy+ donors than Fy− donors (P = 0.0004) ( Figure 3B and Table 2 ). This finding confirms our previous report with the sera tested from the same endemic area, 15 and it is consistent with the notion that Fy+ donors have higher reactivity to erythrocytic-stage proteins than Fy− donors. The frequency of recognition to DBP was twofold higher in the Fy+ group (65.6%) than the Fy− group (32.1%), but there was no statistically significant difference between the two groups ( Table 2 ). Like DBP, PVA205 (MSP-8) was also recognized with significantly higher frequency by sera from Fy+ than Fy− donors (P = 0.0005) ( Figure 3B and Table 2 ). For these two proteins, the mean signal intensity in the Fy+ group was, on average, five times higher than in the control or Fy− groups ( Figure 3B ). In addition, the magnitude of responses to protein PVA189, PVA304, and PVA026 was significantly higher in Fy+ than control donors (P = 0.02, P = 0.02, and P = 0.01, respectively) ( Figure 3B and D and Table 2 ). However, no significant response to these proteins was detected in Fy− -exposed or control donors.
MSP-8)
Bioinformatics confirmation of protein expression profiles. To support our analysis and prediction of stage specificity of the proteins that we identified in this study, we conducted a comparative analysis with proteomic and transcriptomic data from PlasmoDB (www.plasmodb.org) derived from studies in both P. vivax and P. yoelii (Table 3 ). Although the P. vivax genes were selected based on expression of their P. falciparum orthologs at the sporozoite stage, 40 transcriptome data are consistent with all but 1 (PVA081) of 10 proteins identified as being expressed at some level at the blood-stage of infection. As expected, the six proteins recognized by the Fy− group were all highly expressed at the sporozoite stage, whereas the five proteins recognized by Fy+ donors but not Fy− donors were expressed at very low levels in sporozoites ( Table 3 ). The expression profiles of proteins recognized specif-ically by Fy+ donors were compared with proteins recognized similarly in both Fy− and Fy+ donors ( Table 3) . Although most proteins were expressed in the blood stages, the proteins recognized specifically by Fy− donors had significantly higher expression levels in sporozoites compared with proteins recognized by Fy+ donors (average quintile = 3.4 and 1.6, respectively, t test P = 0.02). However, these proteins also had significantly lower expression in liver-stage parasites (2.6 versus 3.6, P = 0.05). There were no differences in the expressions of proteins during the blood stage (2.2 versus 2.7, P = 0.34). Interestingly, 4 of 10 proteins identified (PVA152, PVA153, PVA256, and PVA304) are expressed in all stages of the parasites. Three of these four proteins (PVA152, PVA153, and PVA256) were recognized by both Fy−-and Fy+-exposed donors, whereas PVA304 was only recognized by Fy+ donors. The levels of expression profiles are consistent with the frequency and magnitudes of the antibody responses to these proteins (Figure 2A and B and Table 3 ). This finding may suggest that these proteins might elicit strong antibody responses because of their longer exposure to the immune system.
DISCUSSION
Advances in genomics and proteomics have enabled the study of entire organism proteomes rather than a limited subset of previously characterized antigens without the need for in vitro cultures. Because of this vast increase in the number of potential candidate antigens, cost-effective and timeefficient methods are required to screen all possible antigens and select those antigens most immunogenic for additional development of an anti-P. vivax malaria vaccine. Here, we have developed a P. vivax antigen array containing 91 P. vivax sporozoite proteins. Using this P. vivax protein chip, we have identified 10 antigens that were recognized by semi-immune sera from individuals living in P. vivax-endemic areas in Colombia. None of these proteins elicited a T-cell response, which was measured by enzyme-linked immunospot interferon γ (ELISPOT IFN-γ) using peripheral blood mono-nuclean cells (PBMC) from the same P. vivax-endemic areas (Finney OC and Wang R, unpublished data).
Because long-term culture systems for P. vivax are still under development, we used differential responsiveness between donors with or without DARC to predict the stage specificity of protein expression. Fy− donors, with erythrocytes that are less susceptible to P. vivax infection, recognize proteins from the pre-erythrocytic stages of the parasite: sporozoite, liver, and hepatic merozoite. Fy+ donors recognize these proteins as well as proteins from erythrocytic stages, including erythrocytic merozoites. 46, 47 Because hepatic and erythrocytic merozoites seem to be identical, recognition of at least some erythrocytic-stages antigens by Fy− individuals is unsurprising. As expected, DBP was recognized at higher levels in Fy+ than Fy− donors.
Our protein microarray method has been used successfully to identify novel antigens for several different organisms, including Francisella tularensis, 36 Burkholderia pseudomallei, 49 and P. falciparum. 32 In this study, we did not detect robust responses to PvCSP, the immunodominant sporozoite antigen; only 8 of 60 exposed donors displayed detectable levels of antibodies against PvCSP. Using the ELISA assay, 20-31 donors displayed reactivity to CSP depending on the peptide used. Previous protein microarray serology results from our group showed that, although high levels of anti-PfCSP reactivity are seen in irradiated sporozoite-immunized volunteers, 34, 50 anti-PfCSP reactivity is much lower in naturally exposed individuals. 32 Reactivity to IVTT-produced P. falciparum CSP (PfCSP) and purified recombinant PfCSP was compared on the same chip; although good correlation was observed between the proteins, the magnitude of the response to the IVTT-produced PfCSP was five times lower than reactivity to the purified PfCSP. 32 A limitation of using the IVTT technology to produce proteins for the arrays is that folding, multimerization, or post-translational modifications, such as phosphorylation or glycosylation, of the arrayed proteins may differ from the native proteins, such that some epitopes present in native proteins are absent in arrays made using IVTT. However, the ability to screen a wide range of novel antigens simultaneously is a substantial advantage for identifying and prioritizing antigens for future research. The liver-stage parasite, as an intracellular pathogen, primarily induces a cellular rather than humoral response; as such, anti-malarial antibodies target predominantly the sporozoite and blood stages rather than the liver stage. 51 Sporozoites travel from the site of infection to the liver in approximately 1-3 hours, 52 leaving relatively little time for the host to develop a humoral response to sporozoite proteins. In comparison, the large number of liver merozoites released from late liver schizonts that enters the blood stream and the successive rounds of asexual blood-stage replication and merozoite releases produce an abundant and diverse pool of blood-stage antigens. This finding may explain why only 10 of 91 selected sporozoite proteins showed reactivity in our analysis. Furthermore, the small sample size, particularly of the unexposed group, reduces the power of detection in this study.
Of the 10 proteins identified, five antigens were recognized by Fy+ but not Fy− individuals, suggesting that these antigens are expressed in the blood-stage parasites. Indeed, four of five proteins, including DBP and MSP-8, showed very low expression in the sporozoite (Table 3 ). MSP-8 (PVA205) was previously characterized as a glycosylphosphatidylinisotol-anchored protein, and it was recognized by P. vivax-infected patients in Columbia 53 as well as P. vivax-infected patients from Korea. 54 Proteins recognized by both Fy+ and Fy− donors were expressed highly in the sporozoite; however, five of six were also expressed in the blood stages of the parasite. These responses could be caused by antigens expressed by hepatic merozoites. However, the inability of P. vivax to invade red blood cells in Fy− donors has been contested. 11 Although Fy− individuals are not usually susceptible to blood-stage P. vivax infection, some may, in certain conditions, carry very low levels of erythrocytic parasites. This finding would indicate that, in addition to the Duffy blood antigen, other receptors may also be involved in P. vivax blood-stage invasion in humans, which may help to explain why the antigens recognized by both Fy+ and Fy− donors were, in some cases, expressed at higher levels during the blood stage. Four antigens identified are expressed in all stages of the parasite life cycle rather than at one particular stage. This finding may provide an advantage for vaccine development. The current interest in designing multistage, multivalent vaccines for malaria may be replaced by rational selection of single antigens that are consecutively expressed in multiple stages of the parasite. These antigens may induce immune responses against parasites at different stages of the life cycle, and therefore, they could be candidates for multifunctional anti-infection and anti-disease malaria vaccines.
Additional characterization of all antigens identified will be necessary to verify their expression in sporozoites and/or blood-stage parasites by immunolocalization as well as their roles in parasite development and growth by gene knockout. Such studies will support the selection of the best candidates for vaccine development for endemic populations, because essential genes will be less likely to evade vaccine-induced immunity through antigenic variation under immune selection.
In conclusion, we have identified 10 P. vivax antigens with potential roles in naturally acquired immunity to P. vivax. Find-ing antigenic proteins that may derive from pre-erythrocyticstage parasites may render the liver-stage parasites a reasonable target for vaccine development. These antigens were identified using a high-throughput method and serve as proof of concept for our approach to identify and prioritize antigens for vaccine research. This method can be expanded to quantitatively and comprehensively investigate the humoral response to the entire P. vivax genome and potentially, find new diagnostic, vaccine, or surveillance markers for use in the field with accuracy, efficiency, and speed.
